Patients with Alzheimer's disease show age-related cognitive decline. Postmortem autopsy of their brains shows the presence of large numbers of senile plaques, whose major component is the ␤-amyloid peptide. The ␤-amyloid peptide is a cleavage product of the amyloid precursor protein (APP). In addition to the neurodegeneration associated with ␤-amyloid aggregation in Alzheimer's disease patients, mutations in APP in mammalian model organisms have also been shown to disrupt several behaviors independent of visible amyloid plaque formation. However, the pathways in which APP function are unknown and difficult to unravel in mammals. Here we show that pan-neuronal expression of APL-1, the Caenorhabditis elegans ortholog of APP, disrupts several behaviors, such as olfactory and gustatory learning behavior and touch habituation. These behaviors are mediated by distinct neural circuits, suggesting a broad impact of APL-1 on sensory plasticity in C. elegans. Furthermore, we found that disruption of these three behaviors requires activity of the TGF␤ pathway and reduced activity of the insulin pathway. These results suggest pathways and molecular components that may underlie behavioral plasticity in mammals and in patients with Alzheimer's disease.
Introduction
Alzheimer's disease (AD) is the most common form of dementia (Alzheimer's Association, 2010) and has been associated with type 2 diabetes (Ott et al., 1999; Luchsinger et al., 2004) . Levels of insulin and IGF-1 receptors are lower in brains of AD patients (Steen et al., 2005) . However, the underlying cellular mechanism that connects the association is unknown. Moreover, a hallmark in the diagnosis of AD is the deposition of amyloid plaques. The amyloid plaques contain aggregations of the ␤-amyloid peptide, which is a cleavage product of the amyloid precursor protein (APP) (Glenner and Wong, 1984; Masters et al., 1985; Kang et al., 1987) . Families with an extra copy of the APP locus on chromosome 21 have been correlated with AD (Cabrejo et al., 2006; Rovelet-Lecrux et al., 2006; Sleegers et al., 2006) , and the incidence of AD among Down syndrome patients, who have a trisomy of chromosome 21, is extremely high (Mann and Esiri, 1989; Schupf et al., 1998; Korbel et al., 2009 ). These findings suggest that higher levels of APP could contribute to the development of AD. Overexpression of APP in mice leads to learning defects and lethality independent of amyloid peptide aggregation (Hsiao et al., 1995; Simó n et al., 2009) . Similarly, overexpression of APL-1, the Caenorhabditis elegans ortholog of APP, leads to an incompletely penetrant lethality (Hornsten et al., 2007) . Whether overexpression of APL-1 also leads to learning defects is unknown.
C. elegans shows olfactory and gustatory plasticity and touch habituation. These behaviors are generated by distinct neural circuits (Bargmann, 2006; Giles and Rankin, 2009) . To navigate through the environment, C. elegans has to constantly monitor its surroundings to respond to novel stimuli and ignore nonthreatening persistent stimuli (Lee et al., 2010) . For instance, C. elegans is attracted to chemicals that resemble food or its byproducts. However, after pre-exposing C. elegans for an hour to an attractive volatile or water-soluble chemical in the absence of food, animals will show associative plasticity by decreasing their response and avoiding the previously attractive chemical (Colbert and Bargmann, 1995; Tomioka et al., 2006) .
Odorants are detected by chemosensory neurons that also control developmental decisions (Bargmann and Horvitz, 1991a) . Under harsh environmental conditions, C. elegans enters an alternative larval stage called dauer (Riddle and Albert, 1997) by decreasing insulin signaling (Kimura et al., 1997; Henderson and Johnson, 2001 ). Reduction of daf-2/insulin/IGF-1 receptor function also impairs chemosensory associative plasticity (Tomioka et al., 2006; Lin et al., 2010) . Because altered insulin signaling is associated with Alzheimer's disease, we determined whether overexpression of APL-1 could affect simple C. elegans learning behaviors and whether these effects are mediated via altered insulin signaling. Here, we show that varying levels of APL-1 expression affect the chemotaxis response and that neuronal expression of APL-1 disrupts associative and nonassociative learning. These APL-1-induced effects are mediated via TGF␤ signaling and decreased insulin/IGF-1 signaling. APL-1 shares some motifs with the insulin-related peptides in C. elegans (see Fig. 1 N) ) and could potentially bind or disrupt binding to the DAF-2 insulin/IGF-1 receptor.
Materials and Methods

Strains
Caenorhabditis elegans strains were grown and maintained on MYOB plates (Church et al., 1995) containing OP50 Escherichia coli bacteria at 20°C using methods as described previously (Brenner, 1974) , unless noted. The wildtype strain used was N2 variant Bristol (Brenner, 1974) , and hermaphrodite animals were used for all studies. All mutations used are described in WormBase (www.wormbase.org) and include the following: LGI, daf-16(mu86 and mgDf50); LGIII, daf-2(e1370), daf-7(e1372) ; LGX, , lon-2(e678), apl-1(yn5 and yn10), and dpy-8(e130) . Construction of the APL-1 transgenes and the resulting transgenic lines are described (Hornsten et al., 2007) . Pmec-4::apl-1 cDNA::GFP was generated by PCR of the mec-4 promoter with primers Pmec4F-SbfI (5Ј-GTGTCCTGCAGGTCAGTCGGAG TTCCCGGTTC-3Ј) and Pmec4R (5Ј-TCCAAGCAAGGGTCCTCCTG-Ј) from the Pmec-4::CFP plasmid; this PCR fragment containing the mec-4 promoter was subcloned into the Psnb-1::apl-1 cDNA::GFP plasmid by replacing the snb-1 promoter; the promoter switch was confirmed by DNA sequencing. Pceh-36::apl-1 cDNA::GFP was generated by excising the ceh-36 promoter from ceh-36prom_TagRFPT_unc54UTR and inserting it into pPD49.26; the apl-1 cDNA fused to GFP was excised from Psnb-1::apl-1 cDNA::GFP and inserted into pPD49.26/Pceh-36. Nonintegrated transgenic lines used were as follows: dvEx371 [Psnb-1::humanAPP 751 cDNA, Pmtl-2::GFP], dvEx372 [Psnb-1::humanAPP 751 cDNA, Pmtl-2:: GFP], ynEx1130 [Papl-1::apl-1, SUR-5::GFP], muEx169 [Punc-119:: GFP::daf-16 cDNA, pRF4 rol-6(su1006gf) ] (Libina et al., 2003) , ynEx212 (Nonet, 1999) , lpIs14 ] (Kwon et al., 2010) ; LGI: ynIs109 [Psnb-1::apl-1 cDNA::GFP]; LGIII: ynIs12 [Psnb-1::apl-1 cDNA, lin-15B(ϩ)], jsIs682 (Mahoney et al., 2006); LGIV: vsIs13 [lin-11::pes-10::GFP, lin-15(ϩ) ] (Bany et al., 2003) , ynIs104 [Prab-3::apl-1 cDNA::GFP, Pmyo-2::GFP], zIs356 [Pdaf-16::daf-16a/b::GFP, pRF4 rol-6(su1006gf) ] (Henderson and Johnson, 2001) 
Chemotaxis and conditioning learning assays
Chemotaxis and conditioning learning assays were performed at the same time and as described previously (Colbert and Bargmann, 1995; Tomioka et al., 2006) . For each strain, worms were grown in duplicates, one set for chemotaxis and one for pre-exposure conditioning assays. To synchronize worm populations, ϳ15 gravid adult worms were placed into a hypochlorite solution to release the eggs. Hatched worms were grown at 20°C (unless noted). Four days later, animals were washed off the growing plate with water into a 1.5 ml Microfuge tube and washed an additional three times with water.
Benzaldehyde assays. For each strain, three 10 cm plates were poured with 10 ml of 2% agar; two were used for chemotaxis and one for preexposure to benzaldehyde without food (benzaldehyde conditioning). On the back of the chemotaxis plates, an equilateral triangle with 4 cm sides was drawn; the first corner was defined as starting point for the worms, on the second corner 1 l of 1:200 benzaldehyde diluted in ethanol together with 1 l of 1 M sodium azide was placed on the agar, and on the last corner 1 l of ethanol together with 1 l of 1 M sodium azide was placed on the agar as a control. The benzaldehyde dilution assays were performed the same way, except different concentrations of benzaldehyde (e.g., 1%, 0.1%, 0.05%, 0.01%) were used. For the conditioning plate, five molten plugs of 2% agar were placed on the lid; when solidified, 0.6 l of undiluted benzaldehyde was placed on each plug (total of 3 l of benzaldehyde). Of the two batches of washed worms per strain, one batch of worms (ϳ100 -200 worms) was placed on the starting point of the chemotaxis plate, while the other batch (ϳ100 -200 worms) was placed on an empty plate and covered with the benzaldehyde conditioning lid; the plate was sealed with Parafilm. Plates were maintained in a 20°C incubator for 60 min, after which animals were washed three times and assayed for chemotaxis (unless indicated). The chemotaxis index (CI) was determined after 60 min [CI ϭ (number of worms on the test point Ϫ number of worms on control point)/(total number of worms on the plate)].
Salt assays. The night before the assay, two 10 cm plates were poured for each strain with 10 ml of 2% agar. When the molten agar solidified, an equilateral triangle with 4 cm sides was drawn on the back of the chemotaxis plates. One corner was defined as a starting point for the worms. On a second corner a hole of 0.8 cm diameter was punched and filled with 2% agar containing 400 mM sodium acetate (NaAc), and on the third corner a hole of 0.8 cm diameter was punched and filled with 2% agar as a control. The sodium acetate was allowed to form a gradient overnight. Before the chemotaxis assay, 1 l of 1 M sodium azide was placed on the test and control spot. Of the two batches of washed worms per strain, one batch of worms (ϳ100 -200 worms) was placed on the starting point of the chemotaxis plate, and the other batch (ϳ100 -200 worms) was incubated in 1 ml of 100 mM sodium acetate without food (sodium acetate conditioning) in a Microfuge tube. After 60 min at 20°C, the CI was scored for the chemotaxis plate. The worms conditioned to salt were washed three times with water and then placed on a chemotaxis plate. After 60 min at 20°C, the CI was scored. For each condition and strain, the experiment was conducted by at least two people who did not know the identities of the strains (either A.G., A.N., VC, L.T., and/or R.C); each experimental condition was repeated (T ϭ trial) at least 3 times. For statistical analysis, repeated measures (mixed model) two-way ANOVAs with Bonferroni post-tests to compare trials and means (95% confidence intervals) were performed to assess similarity between groups using Prism 4.0a software (GraphPad).
Multiple sequence alignment
The alignment of multiple insulin-like protein sequences with the APL-1 protein sequence was performed with the program Expresso, which incorporates structural information with sequence information (Armougom et al., 2006) .
Temperature shift assays
Worms carrying the temperature-sensitive daf-2(e1370) allele and corresponding control worms were grown, maintained, and synchronized at 15°C. Young adults were then placed at 25°C for 4 h and chemotaxis and conditioning learning assays were performed as described above.
Touch habituation assays
One day before the assay, fourth larval stage (L4) animals were placed onto a fresh plate with bacteria. One day adult animals were lightly touched with an eyebrow hair on the side of the head, which caused a backwards movement, and then at the side of the tail, which caused a forward movement. The touch assay was videotaped for wild-type animals (N2). The interstimulus interval ( (N ϭ 36) ; N2 mean habituation ϭ 9.9 Ϯ 0.3 (N ϭ 61). We found that the mean habituation not only depends on the ISI, but also on the force with which the animal was stroked with the eyebrow hair and on the properties of the eyebrow hair itself. Hence, data for all strains were acquired by C.Y.E., L.T., and R.C. equally with additional testing by A.G. and A.N.; strain identities were unknown to A.G., A.N., L.T., and R.C. during testing. For statistical analysis, a one-way ANOVA with post hoc Tukey test was used for comparison.
Touch recovery assays
One L4 animal was placed onto a fresh plate with bacteria. One day later, the animal was touched consecutively on the head and tail with an eyebrow hair until it no longer responded. This was repeated once after a pause of time X (X ϭ 5 s, 15 s, 1 min, 3 min, 5 min, 10 min, or 20 min). Spontaneous touch recovery was calculated as follows: (number of head and tail touches until no response after time X )/(initial number of head and tail touches until no response).
Heat-shock assays
Heat-shock assays were performed as described previously (Tomioka et al., 2006) . Animals were placed at 33°C for 2 h, then recovered for 2 h at 20°C and tested for either chemosensory plasticity toward benzaldehyde or sodium acetate or touch habituation.
High-osmolarity avoidance assays
High-osmolarity avoidance assays were performed as described previously (Fu et al., 2009) . Quadrant Petri plates were prepared by filling opposite quadrants with either 2% agar containing 1 M sodium acetate or plain 2% agar. Worms were washed three times with water, placed at the intersection, and scored after 60 min. An osmolarity index (OI) was determined by calculating as follows: [(number of animals on NaAc quadrants Ϫ number of animals on plain agar quadrants)/(total number of animals)]. Because 1 M sodium acetate can be deadly for C. elegans, dead animals were omitted from the statistics. The number of dead ynIs104 [Prab-3::apl-1 cDNA::GFP] animals was similar to the number of dead wild-type animals on 1 M sodium acetate.
Egg-laying assays
L4 animals were transferred onto new plates. Forty-eight hours later, 10 animals were transferred to a new plate containing bacteria, left to lay eggs for 2 h, then transferred to a new plate without bacteria, and allowed to lay eggs for 2 h. The number of eggs laid in the presence and absence of food was scored. For statistical analysis, repeated measures (mixed model) two-way ANOVAs with Bonferroni post-tests to compare replicate means (95% confidence intervals) were performed to assess similarity between groups using Prism 4.0a software (GraphPad).
Dye fill assays
Worms were washed off plates with M9 and washed two additional times with M9 (M9 is defined by Brenner, 1974) . Worms were incubated for 2 h in M9 containing 100 ng/l DiI. Animals were mounted onto 2% agar pads containing a drop of 10 mM sodium azide, and amphidial neuronal morphology was scored at 400ϫ magnification on a Zeiss Axioplan microscope. Images and z-stacks of the animals were taken at 400ϫ magnification on a confocal microscope (Zeiss LSM 510 Confocal Laser Scanning System; slice thickness, 0.49 m; for GFP: excitation wavelength, 488 nm; laser intensity, 5%; filter, BP505-530; pinhole, 80 m; for DiI: excitation wavelength, 514 nm; laser intensity, 66%; filter, LP560; pinhole, 78 m). The colocalization of the GFP and DiI fluorescence for z-stacks of each worm was determined by the Colocalization Analysis (test and highlighter) application in ImageJ.
Results
Modulating APL-1 levels disrupt olfactory chemotaxis C. elegans is attracted to or repulsed from certain volatile and water-soluble chemicals that represent olfactory and gustatory responses, respectively (Bargmann and Horvitz, 1991b) . This chemosensory behavior is mediated by 22 amphidial neurons (Ward et al., 1975) . To determine whether a chemical is attractive or repulsive to C. elegans, animals are placed onto an agar plate that contains a spot with the test chemical and a control spot (Fig.  1 A, B) (Colbert and Bargmann, 1995) . Both spots also contain sodium azide to anesthetize the animal whenever it reaches either spot. A chemotaxis index is determined by calculating [(number of animals on the test spot Ϫ number of the animals on the control spot)/total number of animals on the plate]. A CI of 1 indicates a strong attractive test chemical, a CI of Ϫ1 a repulsive test chemical, and a CI of 0 no preference. As reported previously (Bargmann and Horvitz, 1991b) , wild-type animals showed positive chemotaxis responses toward the volatile odorant benzaldehyde (CI ϭ 0.77 Ϯ 0.02; the number of independent times experiment was conducted or trials ( T) ϭ 30; Fig. 1C ) and the water-soluble chemical sodium acetate (CI ϭ 0.77 Ϯ 0.01, T ϭ 30; Fig. 1 D) . Hence, benzaldehyde and sodium acetate are considered strong chemoattractants. Benzaldehyde is sensed by two bilaterally symmetric AWC neurons (Bargmann et al., 1993) , whereas sodium is mainly sensed by one of the ASE neurons, ASEL (Bargmann and Horvitz, 1991b; Pierce-Shimomura et al., 2001) .
Loss of apl-1, such as with the yn10 null allele, leads to larval lethality (Hornsten et al., 2007) ; however, heterozygous apl-1(yn10) animals are viable and showed a reduced chemotaxis response toward both benzaldehyde (CI ϭ 0.43 Ϯ 0.09; T ϭ 8; Fig. 1C ) and sodium acetate (CI ϭ 0.34 Ϯ 0.05; T ϭ 15; Fig. 1 D) , although both chemicals were still attractive to the heterozygous animals (Table 1) . Hence, decreasing APL-1 levels lowers the chemosensory response without affecting chemical preference.
Transgenic animals carrying a genomic fragment of apl-1 express high levels of APL-1 (Hornsten et al., 2007) and were generally attracted to benzaldehyde and sodium acetate, but as with the heterozygous apl-1(yn10) animals, the response was much reduced compared to wild-type ( Fig. 1C,D ; Table 1 ). For example, homozygous apl-1(yn10) animals rescued by microinjection of a wild-type copy of an apl-1 fragment (apl-1(yn10); ynEx1130 [Papl-1::apl-1]) showed a decreased but positive chemotaxis response to benzaldehyde (CI ϭ 0.52 Ϯ 0.06; T ϭ 4) and sodium acetate (CI ϭ 0.5 Ϯ 0.09; T ϭ 4) ( Table 1) . Similarly, transgenic animals carrying an apl-1 genomic fragment in a wild-type background (ynIs86 [Papl-1::apl-1]) showed a positive chemotaxis response to benzaldehyde and sodium acetate, but the chemotaxis indices were significantly lower than those of wild-type; in particular, extremely high levels of APL-1 overexpression, such as in ynIs79 [Papl-1::apl-1::GFP] transgenic animals (Hornsten et al., 2007) , resulted in a chemotaxis index that was only 40% of wild type ( Fig. 1C,D ; Table 1 ). Hence, high levels of APL-1 also disrupt the chemosensory response without affecting chemical preference. apl-1 is expressed in many cell types, including several amphidial chemosensory neurons such as ASJ, amphidial sheath cells, and several interneurons that are downstream of the chemosensory neurons (Fig. 1G,H ) (Hornsten et al., 2007) , suggesting that APL-1 exerts its effects on the chemosensory response indirectly.
Like mammalian APP, C. elegans APL-1 is cleaved by an ␣-secretase to release a large extracellular domain (sAPL-1) and a small cytoplasmic domain; no ␤-secretase has been found thus far that cleaves mammalian APP expressed in transgenic C. elegans (for review, see Ewald and Li, 2010) . The apl-1(yn5) mutation deletes the region encoding the transmembrane and cytoplasmic domains. apl-1(yn5) mutants are viable and contain high levels of a fragment that contains the entire APL-1 extracellular domain (APL-1EXT); because APL-1EXT is not further cleaved by ␣-secretase, it is slightly larger than sAPL-1 (Hornsten et al., 2007) . apl-1(yn5) mutants have a wild-type response to benzaldehyde but a reduced attractive response to sodium acetate ( Fig. 1C,D ; Table 1 ). Similarly, transgenic animals that carry an APL-1EXT transgene (ynIs71) and contain high levels of APL-1EXT (Hornsten et al., 2007 ) also showed a wild-type response to benzaldehyde but a reduced attractive response to sodium acetate (Table 1) . Hence, high levels of APL-1EXT appear to differentially affect the chemosensory responses: the response to sodium acetate is partially compromised, whereas the response to benzaldehyde is unaffected. These results suggest that components mediating response to sodium acetate may be more sensitive to high levels of released sAPL-1 than those mediating the response to benzaldehyde. Control animals in which a deletion or point mutation was introduced into the transgene (ynIs108 [Papl-1::apl-1⌬::GFP] or ynIs107 [Papl-1::apl-1(mut)::GFP], respectively) showed wild-type responses (Table 1) .
To determine whether the decreased chemotaxis response is due to defects in the chemosensory neurons, we examined the morphology of the chemosensory neurons by staining with a lipophilic dye, DiI. The ciliary endings of the chemosensory neurons are exposed to the extracellular milieu through the amphidial pore, through which DiI can be taken up by the ciliated dendritic endings of a subset of chemosensory neurons (Perkins et al., 1986) . In apl-1(yn5) as well as the transgenic strains, the morphology of the labeled chemosensory neurons appeared wild type ( Fig. 1G ; N Ͼ 30 for each strain). Furthermore, when an RFP marker was expressed in AWC (Podr-1::dsRED), the morphology of AWC in these strains appeared wild type (data not shown). Hence, the chemosensory defects in apl-1(yn10 and yn5) mutants and the transgenic strains overexpressing APL-1 or APL-1EXT do not appear due to structural defects of the chemosensory neurons.
Ectopic expression of APL-1 disrupts chemotaxis apl-1 is expressed in a subset of neurons that does not include the chemosensory neurons AWC and ASE that mediate the initial sensory responses to benzaldehyde and sodium acetate, respectively (Bargmann and Horvitz, 1991b; Bargmann et al., 1993) ; in addition, apl-1 is expressed in non-neuronal cells, such as somatic gonad, supporting cells, muscles, seam cells, and vulval cells (Fig. 1G,H ) (Hornsten et al., 2007; Niwa et al., 2008) . To determine whether ectopic apl-1 expression in AWC and ASE would affect the chemotaxis response, we used a panneuronal promoter, rab-3, to drive APL-1 expression in all neurons (Fig. 1 J) . These transgenic animals, ynIs104 [Prab-3:: apl-1 cDNA::GFP] and ynIs112 [Prab-3::apl-1 cDNA::GFP], showed wild-type chemotaxis responses to benzaldehyde and sodium acetate, indicating that apl-1 overexpression in the chemosensory neurons does not disrupt their function ( Fig. 1 E, F ; Table  1 ). By contrast, when apl-1 is driven by the snb-1 promoter, which drives expression not only pan-neuronally but also in numerous other cell types such as the somatic gonad, seam cells, hypodermis, and muscles ( Fig. 1 L) , the transgenic ynIs12 [Psnb-1::apl-1 cDNA], ynIs13 [Psnb-1::apl-1 cDNA] and ynIs109 [Psnb-1::apl-1 cDNA::GFP] lines showed poor chemotaxis responses to benzaldehyde and only slightly better responses to sodium acetate ( Fig. 1 E, F ; Table 1 ). Although APL-1 expression levels are higher in extracts from ynIs86 [Papl-1::apl-1] and ynIs79 [Papl-1::apl-1::GFP] animals than those from the ynIs12 and ynIs13 [Psnb-1::apl-1 cDNA] strains (Hornsten et al., 2007) , the chemotaxis defects were more severe in the ynIs12 and ynIs13 strains ( Fig. 1 ; Table 1 ), suggesting that the defect is more dependent on where APL-1 is expressed than on how much APL-1 is expressed. Again, the chemosensory neurons showed wild-type morphologies in ynIs12 and ynIs13 animals, as assayed by DiI staining or by driving RFP expression in AWC, and no neurodegenerative characteristics, such as swollen neuronal cells, vacuole-like structures in the head or nerve ring regions, or excitotoxicity during development, were seen (NϾ35 for each strain). As a further control, we tested dvEx371 [Psnb-1::humanAPP 751 cDNA] and dvEx372 [Psnb-1:: humanAPP 751 cDNA] transgenic animals, in which human APP 751 expression is driven by the snb-1 promoter, to exclude any nonspecific response caused by overexpression of any protein similar to APL-1; human APP 751 does not rescue the apl-1 lossof-function lethality (data not shown). These transgenic animals (dvEx371 and dvEx372) showed wild-type chemotaxis responses to benzaldehyde and sodium acetate ( Table 1) . As a second control, we tested dvIs62 [Psnb-1::humanTDP-43] animals, in which human TDP-43 expression is driven by the snb-1 promoter to induce neurotoxicity, presumably through protein aggregation or misfolding (Ash et al., 2010; Zhang et al., 2011) . These dvIs62 animals showed a strong uncoordinated phenotype and did not show a chemotaxis response to benzaldehyde or sodium acetate (Table 1) . Furthermore, inducing neurodegeneration in glutaminergic interneurons by expressing a mutated GTPbinding protein G␣s (nuIs5 [Pglr-1::GFP; Pglr-1::G␣s(Q227L); lin-15(ϩ)]) (Berger et al., 1998) led to severe impairment of the chemotaxis response (Table 1) , which is not rescued by pan-neuronal expression of APL-1 (ynIs104 [Prab-3::apl-1 cDNA::GFP]; Table 1 ). However, loss of glutaminergic receptors did not affect the chemotaxic response (glr-1(ky176 ) glr-2(ak10); 4 (Figure legend continued.) rab-3 promoter drives expression pan-neuronally, while the snb-1 promoter drives expression not only pan-neuronally but also in non-neuronal cells types, such as the somatic gonad. Transgenic animals carrying the Prab-3::apl-1 cDNA::GFP transgene (ynIs104) had a wild-type chemotaxis response but showed no associative plasticity toward benzaldehyde or sodium acetate. Transgenic animals carrying the Psnb-1::apl-1 cDNA::GFP transgene (ynIs109) showed no chemoattraction to benzaldehyde or sodium acetate. Each trial consisted of 100 -200 worms. Assay, Chemotaxis assay; bz, benzaldehyde; sa, sodium acetate. All data are represented as mean Ϯ SEM. Additional strains and control strains are shown in Table 1 . Statistical difference from wild-type chemotaxis response (***p Ͻ 0.001) and from wild-type associative plasticity response ( ϩ p Ͻ 0.05; ϩϩϩ p Ͻ 0.001) is shown by ANOVA with Bonferroni post hoc; for pairwise comparisons between no pre-exposure (naive) and preexposure treatments, only not significant (ns) is indicated. G-L, Anterior is to the left. G, H, apl-1 expression as monitored by a GFP-tagged APL-1 protein. Some of the chemosensory neurons can be visualized by DiI (red; G). Colocalizations are white. The ASJ chemosensory neuron appears to express apl-1. I, J, Pan-neuronal expression of a GFP-tagged synaptic protein RAB-3 GTPase (I) and APL-1 (J) using the rab-3 promoter. K, L, Expression of a GFP-tagged vesicular protein SNB-1 (K) and APL-1 (L) driven by the snb-1 promoter. Note staining in the somatic gonad. Scale bars, 50 m. M, Schematic representation of the structure of APL-1: A and B indicate sequences where APL-1 shares similarity with the insulin A and B peptide domains, respectively. N, APL-1 shares sequence similarity with the B and A peptide domains of human IGF-1 (huIGF1) and the C. elegans insulin-related peptides (DAF-28 and INS peptides; only selected INS peptides shown); in addition, human IGF-1 has additional sequence similarities with APL-1. The degree of sequence similarity is indicated by the color scale (top left), as defined by the Expresso program; cons, strongly conserved amino acids indicated by dots; identical amino acids are indicated by asterisks. in transgenic animals with pan-neuronal APL-1 expression requires daf-16 FOXO, daf-12 NHR, and daf- (Table continues. ) nmr-1(ak4 ); Table 1 ). Collectively, these results indicate that the decreased chemotaxis responses seen in animals overexpressing APL-1 do not appear to be due to structural defects in the chemosensory neurons, but in signaling within the neurons or in cells outside the nervous system. Alternatively, the snb-1 and apl-1 promoters may drive higher relative levels of APL-1 expression in neurons than the rab-3 promoter, thereby disrupting neuronal function. However, transgenic animals in which APL-1 expression was driven by the snb-1 or apl-1 promoters responded normally on other sensory modalities and/or in different mutant backgrounds (see below, Impaired chemotaxis responses require the insulin/IGF-1 and TGF-␤ signaling pathways).
Pan-neuronal APL-1 expression disrupts associative plasticity behavior
As with other organisms, C. elegans shows associative plasticity (Wen et al., 1997) . Wild-type animals pre-exposed to the chemoattractant benzaldehyde (or sodium acetate) in the absence of food for 60 min (benzaldehyde conditioning) showed significantly reduced chemotaxis responses to benzaldehyde (or sodium acetate), such that the chemotaxis indices were now much lower than those of naive animals (Fig. 1C,D ) (Colbert and Bargmann, 1995; Tomioka et al., 2006; Lin et al., 2010) ; this decreased response after benzaldehyde (or sodium acetate) conditioning will hereafter be referred to as chemosensory or associative plasticity. The chemosensory plasticity response was detected with as little as 30 min pairing of benzaldehyde (or sodium acetate) and starvation, and the chemosensory plasticity response was greater as the pairing time was increased from 30 to 150 min (Fig. 2C,D ) (Colbert and Bargmann, 1995; Lin et al., 2010) . Hence, pairing of a chemoattractant with starvation changes chemical preference, demonstrating that C. elegans displays behavioral plasticity toward benzaldehyde and sodium acetate (Colbert and Bargmann, 1995; Tomioka et al., 2006; Lin et al., 2010) . To determine how long the association between the chemoattractant and starvation persists, wild-type animals were exposed for 60 min to benzaldehyde or sodium acetate under starvation conditions and transferred to plates without a food source or test chemical for 30 min intervals up to 240 min before assaying for chemotaxis (Fig. 2 E, F ) . The animals continued to show the chemosensory plasticity response for 120 min, after which point the animals began to show an increased attraction toward the chemicals (Fig. 2G,H ) . Hence, this chemosensory plasticity response lasts about 2 h, suggesting a stable memory. Consistent with this observation, mutants [glr-1(ky176 ) glr-2(ak10); nmr-1(ak4 )] with impaired AMPA or NMDA receptors that mediate long term potentiation did not show a compromised chemosensory plasticity response toward benzaldehyde (Table 1) .
We examined the chemosensory plasticity response in transgenic APL-1 overexpression animals that showed a chemotaxis response. Transgenic animals carrying an apl-1 genomic fragment (ynIs86 ) showed a chemosensory plasticity response to benzaldehyde, but not to sodium acetate (Table 1) . Similarly, animals that overexpressed only APL-1EXT, apl-1(yn5) mutants and ynIs71 [Papl-1::apl-1(yn5)] transgenic animals, showed a chemosensory plasticity response to benzaldehyde, but not to sodium acetate (Fig. 1C,D ; Table 1 ). Hence, overexpression of APL-1 or APL-1EXT disrupts chemosensory plasticity to sodium acetate. Surprisingly, after pairing benzaldehyde (or sodium acetate) to starvation, animals with pan-neuronal APL-1 expression (ynIs104 and ynIs112 [Prab-3::APL-1::GFP]) showed no chemosensory plasticity response to either benzaldehyde (or sodium acetate) for at least 120 min after exposure (Figs. 1 E, F , 2C,D; Table 1 ). Indeed, only when pairing times of benzaldehyde (or sodium acetate) with starvation was increased to 150 min did ynIs104 [Prab-3::apl-1 cDNA::GFP] animals start to show associative plasticity (Fig. 2C,D) . This requirement for an increased pairing time for ynIs104 [Prab-3::apl-1 cDNA::GFP] animals to show associative plasticity was not due to a decreased sensitivity to benzaldehyde, as the animals showed wild-type sensitivity to dilutions of benzaldehyde ( Fig. 2 I) ; furthermore, the transgenic animals showed wild-type avoidance to exposure to highosmolar concentrations of sodium acetate (Fig. 2 J) and wild-type responses to the absence of food (Fig. 2 K) . As a control to exclude the possibility that any protein overexpressed pan-neuronally affects the chemosensory plasticity response, we assayed jsIs682 [Prab-3::GFP::rab-3] transgenic animals in which a GFP-tagged RAB-3 GTPase is expressed under the rab-3 promoter; these animals showed wild-type chemosensory plasticity responses to benzaldehyde and sodium acetate (Table 1) .
To confirm that the chemosensory plasticity toward benzaldehyde and sodium acetate was due to pairing of the chemoattractant with starvation, we exposed wild-type animals to sodium acetate in the absence of food for 60 min and assayed their response to benzaldehyde. Wild-type animals were attracted to benzaldehyde (Fig. 2 L) , indicating that the starvation state of the animal does not affect chemotaxis responses. Hence, although pan-neuronal APL-1 expression does not disrupt chemotaxis, this expression disrupts the associative plasticity response to both benzaldehyde and sodium acetate.
Impaired chemotaxis responses require the insulin/IGF-1 and TGF-␤ signaling pathways
In C. elegans the absence of food or overpopulation induces animals to undergo an alternative life cycle and form dauer larva. At least three pathways act in parallel to integrate sensory information, such as starvation, with developmental decisions: (1) DAF-2 insulin/IGF-1 receptor signaling, which promotes the phosphorylation of a FOXO transcription factor DAF-16 to prevent movement of DAF-16 into the nucleus to activate target genes that regulate dauer formation, stress resistance, and longevity (Fig. 3A) ; (2) DAF-7 TGF␤ signaling (Fig. 3A) ; and (3) DAF-11 cyclic GMP signaling. The three pathways converge on the DAF-12 nuclear hormone receptor (NHR), which acts as a switch between reproductive growth and dauer formation (Daniels et al., 2000) . Reducing the activity of any one of the three pathways can induce dauer formation (Daniels et al., 2000) . To determine whether the impaired chemotaxis response in transgenic animals carrying an apl-1 genomic fragment or Psnb-1::apl-1 cDNA transgene requires signaling from one of these pathways, we first characterized the chemotaxis and associative plasticity responses of mutants from two of the pathways; mutants in the daf-11 cGMP branch are completely chemotaxis defective and could not be assayed. Although daf-12(m20) NHR mutants show an impaired chemotaxis response toward butanone (Daniels et al., 2000) , daf-12(m20) mutants showed wild-type chemoattractive responses to benzaldehyde and sodium acetate ( Fig. 3C,D :GFP] transgenic animals, which overexpress APL-1 pan-neuronally, showed a strong associative plasticity response only after 150 min of pairing. C, Six trials; D, five trials. A two-way ANOVA revealed a main effect of pre-exposure time (benzaldehyde: F (8,1) ϭ 29.5, p Ͻ 0.0001; sodium acetate: F (5,1) ϭ 16.2, p Ͻ 0.0001) and a main effect for strain (benzaldehyde: F (8,1) ϭ 10.8, p Ͻ 0.0001; sodium acetate: F (5,1) ϭ 10.4, p ϭ 0.0121). Statistical difference from wild-type associative plasticity response for the same pre-exposure time (*p Ͻ 0.05; ***p Ͻ 0.001) is shown by two-way ANOVA with Bonferroni post hoc. E, F, Animals were pre-exposed for 1 h to the chemoattractant, washed, and placed on empty agar plates for 30 -240 min before their chemotaxis response was measured. G, H, Wild-type animals maintained the associative plasticity response for at least 2 h, whereas ynIs104 [Prab-3::apl-1 cDNA::GFP] animals did not show a strong associative plasticity response for the entire time. G, Three trials; H, four trials. A two-way ANOVA revealed a main effect of recovery time (on empty plates; benzaldehyde: F (9,1) ϭ 3.1, p ϭ 0.0077; sodium acetate: F (5,1) ϭ 7.3, p ϭ 0.0001) and a main effect for strain (benzaldehyde: F (9,1) ϭ 6.3, p ϭ 0.0066; sodium acetate, F (5,1) ϭ 22.0, p ϭ 0.0033). Statistical difference from wild-type associative plasticity response for the same recovery time (**p Ͻ 0.01; ***p Ͻ 0.001) is shown by two-way ANOVA with Bonferroni post hoc. I, Animals were exposed to serial dilutions of benzaldehyde (four trials). A two-way ANOVA revealed a main effect of dilutions (F (3,1) ϭ 87.9, p Ͻ 0.0001) and no main effect for strain (F (3,1) ϭ 0.509, p ϭ 0.5023). J, Wild-type and ynIs104 [Prab-3::apl-1 cDNA::GFP] animals showed high-osmolarity avoidance behavior. OI, Osmolarity index; seven trials, not significant by two-tailed paired t test, t (6) ϭ 0.37 p ϭ 0.725. K, In the absence of food, wild-type animals lay fewer eggs on plates with no food compared to on a food source; ynIs104 [Prab-3::apl-1 cDNA1::GFP] animals also laid fewer eggs in the absence of food (three trials). A two-way ANOVA revealed a main 4 effect of no food condition (F (1,1) ϭ 33.6, p ϭ 0.0044) and no main effect for strain (F (1,1) ϭ 0.005, p ϭ 0.9471). L, Wildtype or ynIs104 [Prab-3::apl-1 cDNA::GFP] animals were preexposed for 60 min in the absence of food to sodium acetate (sa) and their chemotaxic response to benzaldehyde (bz) was determined. Pre-exposure to sodium acetate does not affect benzaldehyde chemotaxis (five trials). A two-way ANOVA revealed no main effect of sa pre-exposure (F (1,1) ϭ 2.2, p ϭ 0.1724) and no main effect for strain (F (1,1) ϭ 0.6, p ϭ  0.4607). For C, D, G, H, I , J, L, each trial consisted of 100 -200 worms per strain per condition tested.
7(e1372) mutants showed slightly lowered chemoattractive responses to benzaldehyde ( Fig. 3B-D ; Table 1 ). For sodium acetate, daf-2(e1370), daf-16(mu86) , or daf-16(mgDf50) mutants showed decreased chemoattraction, whereas daf-7(e1372) mutants showed wild-type chemoattraction (Table 1) . Collectively, these results suggest that daf-12, daf-2, daf-16, and daf-7 are not required for chemoattraction to benzaldehyde or sodium acetate.
Transgenic animals carrying an apl-1 genomic fragment fused to GFP (i.e., ynIs79 [Papl-1::apl-1::GFP] transgenic animals) showed a poor chemotaxis response to benzaldehyde (Figs. 1C,  3B ; Table 1 ). However, when daf-2 insulin/IGF-1 receptor activity was decreased, ynIs79 [Papl-1::apl-1 cDNA::GFP] transgenic animals showed a robust chemosensory response ( Fig. 3B ; Table  1 ). This rescued chemosensory response by decreasing daf-2 activity may be due to increased daf-16 FOXO activity. Consistent with this possibility, decreasing the activity of daf-16 FOXO did not restore the chemosensory response in ynIs79 [Papl-1::apl-1 cDNA::GFP] transgenic animals ( Fig. 3B; Table 1 ). Hence, the impaired ability to chemotax in ynIs79 [Papl-1::apl-1 cDNA::GFP] transgenic animals requires activation of the insulin pathway to decrease daf-16 FOXO activity. Transgenic animals carrying the Psnb-1::apl-1 cDNA transgene showed no chemotaxis response in a wild-type background ( Fig. 1 E, F ; Table 1 ); these animals (ynIs12 [Psnb-1::apl-1 cDNA]) showed a robust chemotaxis response to benzaldehyde and sodium acetate when daf-2 insulin/IGF-1 receptor, daf-12 NHR activity, and daf-7 TGF␤ signaling were decreased ( Fig. 3C; Table 1 ), but not when daf-16 FOXO activity was decreased ( Fig. 3C ; Table 1 ). The impaired ability to chemotax when APL-1 is overexpressed with the snb-1 promoter, therefore, requires activation of the TGF␤ and DAF-12 NHR pathways. Hence, depending on the cells in which apl-1 is expressed, apl-1 signaling modulates different metabolic pathways to affect the chemotaxis response.
The impaired associative plasticity response in transgenic animals with pan-neuronal APL-1 expression requires daf-16 FOXO and daf-12 NHR activity daf-16(mu86 and mgDf50) and daf-7(e1372) mutants showed wild-type associative plasticity responses to benzaldehyde and sodium acetate, whereas daf-2(e1370) and daf-12(m20) mutants showed impaired or slightly impaired associative plasticity responses, respectively ( Fig. 3; Table 1 ) (Tomioka et al., 2006; Lin et al., 2010) . DAF-2 insulin/IGF-1 receptor activity negatively regulates daf-16 FOXO; in addition, the longevity and dauer phenotypes of daf-2 mutants require daf-16 FOXO activity (Lin et al., 1997; Ogg et al., 1997) . Similarly, daf-2(e1370); daf-16(mu86 ) or daf-2(e1370); daf-16(mgDf50) double mutants showed a wildtype or daf-16 chemosensory plasticity behavior at 20°C ( Table  1 ), suggesting that daf-16 FOXO activity is required for the impaired associative plasticity response of daf-2 insulin/IGF-1 receptor mutants. These findings are in contrast to observations from Tomioka et al. (2006) , who reported that salt chemotaxis learning defects in daf-2 mutants was mediated independently of daf-16. These differences can be due to use of different salts (sodium acetate, which mainly activates the ASEL neuron, versus sodium chloride, which activates both the ASEL and ASER neurons) and different temperatures used during the assays and con- Figure 3 . The impaired chemosensory plasticity response in transgenic animals with panneuronal APL-1 expression requires daf-16 FOXO, daf-12 NHR, and daf-7 TGF␤ activity. A, Schematic showing how environmental conditions are translated by the TGF␤ and insulin/ IGF-1 pathways for dauer formation; these pathways also regulate olfactory plasticity (Daniels et al., 2000; Fielenbach and Antebi, 2008) . B, Transgenic animals carrying an apl-1 genomic fragment fused to GFP (ynIs79 [Papl-1::apl-1::GFP]) showed poor chemotaxis to benzaldehyde. The chemotaxis response was rescued with decreased daf-2 insulin/IGF-1 receptor activity. C, Transgenic animals with ectopic apl-1 expression (ynIs12 [Psnb-1::apl-1]) showed no chemotaxis to benzaldehyde, but the chemotaxis response was rescued with decreased activity of daf-2 insulin/IGF-1 receptor, daf-7 TGF␤, and daf-12 NHR activity. D, Pan-neuronal overexpression of apl-1 (ynIs104 ditioning exposures (20°C versus 25°C). daf-2(e1370) is a temperature-sensitive allele, whereby 25°C is the restrictive temperature and 20°C is a partially permissive temperature (Gems et al., 1998) . When we performed a temperature up-shift to 25°C for 4 h before the assays and benzaldehyde conditioning, the daf-2(e1370) impairment in plasticity were not rescued in a daf-16(mgDf50) mutant background (Table 1) . These results suggest that under conditions of partial daf-2 activity at 20°C, the defect in associative plasticity in daf-2(e1370) mutants is mediated through daf-16/FOXO activity, whereas under conditions of complete daf-2 functional impairment (i.e., at 25°C), the defect in associative plasticity in daf-2(e1370) mutants is mediated independently of daf-16 activity.
To investigate whether signaling in the dauer and stress pathways also affects the neuronal APL-1 associative plasticity response, we examined transgenic animals with pan-neuronal APL-1 expression; ynIs104 [Prab-3::apl-1 cDNA::GFP] transgenic animals showed a wild-type chemotaxis response to benzaldehyde but did not show associative plasticity (Fig. 1E) . In a daf-16(mu86) or daf-16(mgDf50) background, however, ynIs104 [Prab-3::apl-1 cDNA::GFP] transgenic animals showed wild-type associative plasticity responses toward benzaldehyde and sodium acetate ( Fig. 3D ; Table 1 ). Similarly, in daf-12(m20) NHR and daf-7(e1372) TGF␤ mutant backgrounds, ynIs104 [Prab-3::apl-1 cDNA:: GFP] transgenic animals showed associative plasticity responses to benzaldehyde and sodium acetate similar to or more robustly than those of daf-12(mu20) or daf-7(e1372) single mutants ( Fig. 3D ; Table 1 ). These results suggest that the impaired chemosensory plasticity responses in transgenic animals with pan-neuronal APL-1 expression require the TGF␤ and/or DAF-12 NHR pathways and decreased insulin signaling.
Neuronal overexpression of APL-1 diminishes touch habituation
The lack of associative learning in the chemosensory plasticity response in animals with pan-neuronal APL-1 expression may be restricted to chemosensation or may represent a general impairment with learning of other behaviors as well. To distinguish between these alternatives, we examined a different sensory modality, gentle body touch, which is mediated by six mechanosensory or touch neurons (Chalfie et al., 1985) . A gentle touch to the animal's head causes the animal to move backwards, whereas a gentle touch to the animal's tail causes it to move forward; responses to anterior and posterior touch are mediated through anterior and posterior mechanosensory neural circuits, respectively (Chalfie and Sulston, 1981) . When wild-type animals are touched repeatedly on the head or tail, they no longer respond but habituate to the touch stimulus (Chalfie and Sulston, 1981) . When the interstimulus interval is 10 s between head touches, we found that the animals no longer responded after 10.6 Ϯ 0.2 touches (N ϭ 39), similar to what was previously reported (Xu et al., 2002) . To better characterize this response, we modified the touch paradigm whereby animals were touched on the head, allowed to move backwards, touched on the tail, allowed to move forward, and then touched on the head again to restart the cycle; one cycle, therefore, is composed of one head touch followed by a tail touch. When the ISI between the head and tail touches averaged 1.6 Ϯ 0.2 s (N ϭ 129), wild-type animals no longer responded, i.e., became touch unresponsive after six touch cycles (6.2 Ϯ 0.2 touches to the head and tail; N ϭ 244) (Fig. 4C) . To determine the rate of spontaneous recovery, we calculated an h t /h 0 index, where h 0 is the initial number of consecutive head and tail touch cycles until no touch response for one animal, and h t is the number of consecutive head and tail touches until no touch response at given time points after the animal became unresponsive to touch; an h t /h 0 value of 1 indicates full recovery. Wild-type animals took between 10 to 20 min to show full recovery (Fig. 4 A) . To distinguish whether this decreased response corresponds to habituation or sensory fatigue, we examined whether increasing the ISI would increase the spontaneous recovery time, as would be expected in habituation . When the ISI was increased to 10 s, wild-type animals became touch unresponsive after 13 cycles of head-tail touches (13.1 Ϯ 0.2 head touches; 12.6 Ϯ 0.3 tail touches; N ϭ 40); full recovery of the touch response occurred after 30 min (Fig. 4 B) , suggesting that the decreased response to repeated touch stimuli corresponds to habituation. We also examined the effect of increasing the intercycle interval between head-tail touch cycles to 10 s (i.e., head-tail interval was 1.6 s and intercycle interval was 10 s); wild-type animals became touch unresponsive after 15.2 Ϯ 0.2 cycles (N ϭ 42), again suggesting that the decreased response to repeated touch stimuli is due to habituation rather than sensory fatigue.
We tested different apl-1 overexpression strains for habituation to repeated head-tail touch cycles with an average ISI of 1.6 s. Heterozygous apl-1(yn10) and homozygous apl-1(yn5) mutants and transgenic animals carrying an apl-1 genomic fragment or a mutated apl-1 fragment showed wild-type habituation (Fig. 4C) , indicating that modulating APL-1 levels does not disrupt this sensory modality, presumably because apl-1 is not expressed in the six mechanosensory neurons or other neurons in the mechanosensory neural circuit. By contrast, transgenic animals with APL-1 expression driven by the pan-neuronal rab-3 promoter (ynIs91, ynIs104, ynIs112) or ectopic (including pan-neuronal) expression driven by the snb-1 promoter (ynIs12, ynIs13, ynIs109) needed significantly more head-tail stimuli before they habituated ( Fig. 4 D) ; the recovery rate of the animals, however, was similar to that of wild type (data not shown). Again, overexpression of a human APP 751 cDNA driven by the snb-1 promoter (dvEx371, dvEx372) did not affect touch habituation (Fig. 4 D  legend) . These results indicate that pan-neuronal APL-1 expression disrupts learning responses to multiple behaviors.
daf-12(m20) and daf-16(mu86 ) mutants showed wild-type touch habituation (Fig. 4 D) . The impaired habituation response of transgenic animals with pan-neuronal APL-1 expression is suppressed in a daf-12(m20) or daf-16(mu86 ) mutant background (Fig. 4 D) , suggesting that daf-12 NHR and daf-16 FOXO activity are required downstream of APL-1 signaling to inhibit touch habituation.
Expression of APL-1 in chemosensory or touch neurons is sufficient to disrupt the touch habituation response Because transgenic animals in which APL-1 is pan-neuronally expressed showed touch habituation defects, whereas animals in which APL-1 is expressed with the apl-1 promoter did not, APL-1 disruption of the habituation response could lie within the touch cells. To determine the site of apl-1 action in disrupting touch habituation, we generated transgenic animals (ynEx212 and ynEx213) in which APL-1 expression was driven by the touch cell-specific promoter mec-4 (Lai et al., 1996) . Like the transgenic animals in which APL-1 is pan-neuronally expressed, transgenic animals carrying the Pmec-4::apl-1 cDNA::GFP construct needed significantly more touch stimuli before they habituated (Fig. 4D) . Hence, APL-1 expression within the touch cells is sufficient to disrupt the touch habituation response. We also examined whether APL-1 expression in the ASE and AWC chemosensory neurons affected the touch habituation response. Surprisingly, when apl-1 was expressed in the ASE and AWC chemosensory neurons, which mediate sodium and benzaldehyde chemoattraction, respectively, using the ceh-36 promoter (Lanjuin et al., 2003) , the transgenic animals also showed defective touch habituation (Fig. 4D) . These results suggest that apl-1 signaling does not have to occur specifically in the touch cells to disrupt touch habituation; for instance, release of sAPL-1 from other neurons can modulate touch responsiveness in the touch cells or other downstream neurons in the touch circuit.
Similar experiments were performed to determine the site of action of the chemosensory plasticity response. Naive and benzaldehyde-conditioned transgenic animals expressing apl-1 in the ASE and AWC chemosensory neurons or the touch cells were examined for chemotaxis and associative plasticity responses. All transgenic animals showed a robust chemotaxis response to benzaldehyde, and all showed chemosensory plasticity when conditioned to benzaldehyde (Table 1) . Hence, the site of action for the defects in chemosensory plasticity appears to lie downstream of the ASE and AWC chemosensory neurons.
Induction of APL-1 overexpression during adulthood is sufficient to impair chemotaxis responses and to diminish touch habituation
Since apl-1 is essential for development and overexpression of APL-1 causes an incompletely penetrant early larval lethality, we considered whether APL-1 overexpression affected the development of neurons or other cell types. Adult animals carrying an apl-1 cDNA under the control of a heat shock promoter (ynIs14 [Phsp-16.2::apl-1 cDNA]) showed wild-type chemotaxis and chemosensory plasticity responses toward benzaldehyde and sodium acetate and wild-type touch habituation at 20°C (Fig. 5) . However, after a short heat shock to induce ubiquitous APL-1 expression (Hornsten et al., 2007) , ynIs14 animals showed defective chemotaxis responses toward benzaldehyde and sodium acetate and diminished touch habituation (Fig. 5) . These results indicate that the APL-1 overexpression behavioral phenotypes are not caused by developmental changes, but rather by APL-1 signaling that activates downstream pathways to interfere with behavioral plasticity. . Short induction of APL-1 overexpression is sufficient to disrupt the chemotaxis response and to diminish touch habituation. At 20°C, ynIs14 [Phsp-16.2::apl-1 cDNA] animals showed wild-type chemosensory plasticity toward benzaldehyde (bz; A) and sodium acetate (sa; B) and also wild-type habituation to light touch (C). By contrast, when wild-type and ynIs14 [Phsp-16.2::apl-1 cDNA] animals were heat-shocked for 2 h at 33°C, recovered at 20°C for 2 h, and then assayed, ynIs14 [Phsp-16.2::apl-1 cDNA] animals showed poor chemotaxis behavior toward bz (A) and sa (B) and took longer to habituate to light touch (C) compared to wild-type animals. Each trial consisted of 100 -200 worms. All data are represented as mean Ϯ SEM. A, B, Trials, Ͼ5. ***p Ͻ 0.001 to wild-type, two-way ANOVA with Bonferroni post hoc (for more detail please see Fig. 1 legend) . C, N, Number of animals, trials, Ͼ3, ***p Ͻ 0.001 to heat-shocked wild-type, one-way ANOVA with Tukey post hoc (F (96) ϭ 73.12, p Ͻ 0.0001).
